Introduction
============

Oncolytic viruses have been investigated for their potential use in cancer therapeutics for decades, culminating with the US Food and Drug Administration's (FDA) approval of a modified form of oncolytic herpes simplex virus (talimogene laherparepvec) for treatment of human patients with metastatic melanoma.^[@bib1]^ While progressive generations of novel oncolytic vectors reflect ongoing advances in genetic engineering technology, some of the most basic mechanisms of viral oncolysis remain incompletely understood. The bystander effect is a well-established mechanism by which the effects of oncolytic viruses are propagated to neighboring uninfected cells. This phenomenon effectively amplifies the effects of the virus.^[@bib2; @bib3; @bib4]^ Several studies have shown that because of this bystander effect, as few as 10% of all tumor cells need to be transduced with the viral vector to induce complete cell death or tumor regression, even with replication incompetent vectors.^[@bib3],[@bib5],[@bib6]^ Currently, the most clearly documented mechanism contributing to the bystander effect involves traffic of lethal agents through gap-junctions between connecting adjacent cells. Studying the bystander effect in ganciclovir (GCV)/viral thymidine kinase (*TK*) gene therapy, Mesnil *et al.* found that GCV monophosphorylated by HSV-TK in an infected cell would travel via gap junctions to effect cell death in uninfected adjacent cells.^[@bib5],[@bib7; @bib8; @bib9; @bib10]^ Of note, this mechanism of bystander-oncolysis is entirely dependent upon cell-to-cell contact. However, other groups have demonstrated that some degree of bystander killing can persist even in the absence of gap-junctions.^[@bib11]^ These data suggest the existence of additional unidentified mechanisms for bystander killing. This is a particularly important concept considering that gap junctions are only able to connect adjacent cells, and thus cannot propagate the bystander effect between distant cells. This context is especially relevant clinically as invasive difficult-to-treat tumors have been shown to contain high proportions of stromal matrix that separate malignant cells, and which have been associated with worse prognosis.^[@bib12; @bib13; @bib14; @bib15; @bib16; @bib17; @bib18; @bib19]^ The importance of identifying modes of intercellular communication in virology has become magnified by recent studies reporting that over half of HIV virus infections occur through direct cell-to-cell transfer of the virus.^[@bib20],[@bib21]^

The purpose of this study was to investigate the role of tunneling nanotubes (TNTs) as unique intercellular conduits capable of propagating a long-range form of the bystander effect following oncolytic viral infection of cancer cells. TNTs are long, fine, nonadherent actin-based cytoplasmic extensions capable of forming direct connections between cells at both close and distant proximity.^[@bib22]^ We have shown that TNTs exist in mesothelioma and lung cancer cell lines, in primary cancer cells from effusions, and in a variety of intact resected tumors from human patients.^[@bib23; @bib24; @bib25; @bib26; @bib27]^ We previously demonstrated that TNTs connecting mesothelioma cells are capable of transferring a variety of types of cellular cargo, including proteins, mitochondria, lipophilic components from the cytosol, and Golgi vesicles.^[@bib24]^ Notably, TNTs connecting GFP- or RFP-expressing mesothelioma cells facilitated intercellular exchange of these proteins. In addition, TNTs or similar intercellular bridges have previously been shown to transmit infectious agents, such as prions,^[@bib28]^ viruses, and viral components.^[@bib29; @bib30; @bib31; @bib32; @bib33; @bib34; @bib35]^ Furthermore, recently Roberts *et al.* have demonstrated intercellular transmission of Influenza A virus connected by TNTs.^[@bib36]^ What is not known is the potential role of TNTs on drug delivery. Using the above information and our prior studies on TNTs as background, for this study, we wanted to further investigate whether TNTs could be harnessed to facilitate therapeutic drug delivery using the bystander effect mediated by an oncolytic viral vector as an *in vitro* model. We investigate the effects on TNTs on the bystander effect induced by oncolytic virus infection. These results provide proof-of-concept data supporting the idea that TNTs can be utilized to amplify the effects of cancer drug and oncolytic viral therapy. This finding presents a conceptual advance of how we can view the bystander effect in the context of a 3-dimensional and heterogeneous tumor matrix, and provides a strong basis for investigation of the effects of TNT formation between cells infected with oncolytic viruses.

Results
=======

Virally infected mesothelioma cells form TNTs
---------------------------------------------

We selected three cell lines of varying histologic subtypes of malignant mesothelioma (MSTO-211H, VAMT, and JMN) for this study, as we had previously demonstrated effective *in vitro* formation of TNTs in this form of cancer.^[@bib24],[@bib37],[@bib38]^ To determine whether mesothelioma cells infected with HSV are capable of transferring virally encoded proteins between cells via TNTs, we infected mesothelioma cells from each cell line separately with NV1066, a mutant HSV strain that encodes the readily-expressed viral enhanced green fluorescence protein (eGFP) transgene.^[@bib39; @bib40; @bib41; @bib42]^ After consistent formation of TNTs between malignant mesothelioma cells was observed, NV1066 was added. Live cells were examined using confocal fluorescent imaging 12--36 hours after addition of virus. GFP was present diffusely in both the cell body and along the length of TNTs connecting two or more cells ([Figure 1a](#fig1){ref-type="fig"},[b](#fig1){ref-type="fig"}; also [Supplementary Movies S1--S4](#xob1){ref-type="supplementary-material"}). This experiment confirmed that mesothelioma cells infected with an oncolytic virus form TNTs. NV1066-infected cells formed TNTs beyond 18 hours before succumbing to viral oncolysis; this finding indicates that viral oncolytic infection did not preclude TNT formation as the life-cycle of the herpes simplex type-1 virus (HSV-1) virion particle is 18 hours. This is further supported in [Supplementary Figure S1](#xob1){ref-type="supplementary-material"}, in which we demonstrate that infection of MSTO-211H cells with NV1066 did not preclude the formation of TNTs. In fact, at 48 hours postviral infection there were significantly more TNTs per cell when compared with controls ([Supplementary Figure S1](#xob1){ref-type="supplementary-material"}).

TNTs mediate intercellular transfer of oncolytic virus NV1066 and of virus-encoded eGFP
---------------------------------------------------------------------------------------

Next we cocultured virally infected cells with noninfected cells and performed time-lapse confocal imaging to capture TNT formation between these two populations. Using time-lapse fluorescent microscopy, we identified direct intercellular transfer of eGFP between cells along TNTs for as long as 16 hours after initial infection ([Figure 1b](#fig1){ref-type="fig"} and [Supplementary Movies S1--S4](#xob1){ref-type="supplementary-material"}). Similar results were observed with all virally infected cell lines. In one particularly striking example, a GFP-expressing virally infected cell formed a direct TNT connection to a noninfected cell, to which it subsequently transferred the virus, which was tracked by its green fluorescence GFP product ([Figure 1b](#fig1){ref-type="fig"} and [Supplementary Movie S1](#xob1){ref-type="supplementary-material"}). We assessed the shift in GFP from donor to recipient cell by calculating the corrected total cell fluorescence per area as we have previously described.^[@bib26]^ The corrected total cell fluorescence /area for the initially infected cell peaked and then decreased, while the corrected total cell fluorescence /area in the recipient cell receiving viral eGFP increased steadily ([Figure 1c](#fig1){ref-type="fig"}). These data demonstrate that virally encoded proteins, such as eGFP, can be expressed and replicated in infected cells and then be transmitted between cells connected by TNTs, including from infected to noninfected cells. Importantly, the fact that eGFP expression continued to increase beyond the termination of the TNT connection also strongly suggested that the replication-competent virus itself was also transferred to the recipient cell. This was further supported by the set of time-lapse images shown in [Supplementary Movie S2](#xob1){ref-type="supplementary-material"}, in which a GFP-expressing cell forms extensive and curved TNT to a noninfected target cell which undergoes cell death following connection and transmission of GFP/virus.

TNTs can facilitate amplification of the bystander effect by transferring viral TK-activated GCV from infected to noninfected cells
-----------------------------------------------------------------------------------------------------------------------------------

The most prominent suicide gene used in preliminary studies of oncolytic viral therapy has been the *TK* gene of HSV-1.^[@bib3],[@bib4],[@bib7]^ Expression of this gene sensitizes virally-transduced cells to selective drugs; in the case of HSV-1 TK, the most commonly used drug is GCV, a nucleoside analog which is 10 times more effective than acyclovir (ACV) in inducing apoptosis.^[@bib7]^ The effectiveness of suicide gene therapy rests on the principle of the so-called "bystander effect" in which cancer cells transduced by the virus cause activation of the prodrug. This activated prodrug is then transferred to surrounding cells resulting in both the death of the infected cells as well as surrounding uninfected cells.^[@bib5]^

To determine whether TNTs mediate the bystander effect, we used a modified transwell assay to investigate TNT-mediated intercellular transfer of GCV between virally infected cells and noninfected cells. It has been well-established that gap junctions are a primary cellular mediator of the bystander effect, for cells in immediate proximity and connected via these connexin-lined channels. As gap junctions and TNTs are not mutually exclusive, but rather play complementary roles spatially for cells in close proximity or located at a distance away from each other, with communication most efficiently facilitated by gap junctions and TNTs, respectively.

For the purposes of this study, we postulated that TNTs provide an additional or alternate route by which a long-range form of the bystander effect may take place. Thus in order to examine the long-distance effect of TNTs independent of gap junctions, a polyester filter with the smallest commercially available pore size (400 nm = 0.4 µm) was used to separate the two cell populations (depicted in [Figure 2a](#fig2){ref-type="fig"}). This approach permits TNT formation while abrogating the ability of cells to form connexin-based gap junctions, as compared with adjoining cells in proximity in open culture.^[@bib27],[@bib43; @bib44; @bib45]^ The filter also serves as an effective physical barrier to reduce diffusion and trafficking of exosomes or microvesicles by as much as 85%^[@bib46],[@bib47]^; for further details, please see "Methods" section. Mesothelioma cells were added to the top well of the transwell assay after infection with NV1066 with or without addition of GCV. Apoptosis was measured using terminal deoxynucleotidyl transferase nick-end labeling (TUNEL) assay in the bottom chamber to assess whether TNT-mediated transfer of NV1066 and GCV affected the bystander effect ([Figure 2b](#fig2){ref-type="fig"}). Quantification of TUNEL-positive cells at 48 hours indicated that addition of NV1066 to the top chamber resulted in 33% of the initially uninfected cells in the bottom chamber dying by 48 hours ([Figure 3](#fig3){ref-type="fig"}). The addition of GCV to virally infected cells in the top chamber significantly increased apoptosis in recipient cells in the bottom chamber, from 33--71%, producing a 2.3-fold increase in cell kill attributed to TNT transfer of viral TK-activated GCV (*P* = 0.007) ([Figure 3](#fig3){ref-type="fig"}).

To ensure that the difference in apoptosis was not due to transfer of virus through the filter pores into the bottom well, we assessed addition of NV1066 directly to the bottom well (positive control) and found that 80% of cells in the bottom well were apoptotic as measured by TUNEL staining. We noted that even with direct addition of virus, the cell death was not 100% even after 48 hours. Additionally, adding GCV with NV1066 (positive control) to the bottom well significantly increased apoptosis further to 95%; notably, while the percentage cell death increased by 10--15%, it still did not induce 100% cell death. No effect was observed when GCV alone was added to the bottom well or when cells were cultured alone in the bottom well without viral infection or addition of GCV (negative controls; [Figure 3](#fig3){ref-type="fig"}). Together, these data strongly suggest that NV1066-infected donor cells in the top chamber caused viral TK-induced activation of GCV, which then was transferred to recipient cells in the bottom well via TNTs.

Pharmacologic inhibition of TNTs as a negative control: use of the actin destabilizing agent Cytochalasin B
-----------------------------------------------------------------------------------------------------------

Additional measures taken to ensure this bystander effect did not occur via exosomal transfer of activated GCV included use of serum-free medium and incubation of cells at 4°C for 4 hours prior to start of the invasion assay, both measures known to suppress exosomal secretion.^[@bib48]^ One negative control for the experiment involved pharmacologic inhibition of TNT formation.

To date there is no known pharmacologic agent that exclusively targets TNTs. Thus to accomplish this part of the experiment demonstrating that inhibiting TNT formation prevented the bystander effect, we treated cells in separate assays with 400 nmol/l cytochalasin B (CytoB), a well-studied actin-destabilizing agent known to prevent formation of TNTs.^[@bib49]^ Previous work had demonstrated that actin-depolymerizing agents such as CytoB and D, Latrunculin A, azide, colchicines, and tubulin inhibitors block TNT formation or traffic along TNTs.^[@bib34],[@bib49; @bib50; @bib51]^ CytoB has been well-studied and used extensively for negative controls in *in vitro* studies of TNTs, due to its ability to destabilize actin. We used this drug at doses similar to previous studies which demonstrate its ability to prevent formation^[@bib49],[@bib52]^ or disrupt^[@bib53]^ TNTs. In our assay, CytoB was added at the same time as NV1066 virus; as compared with no drug, the addition of CytoB led to \>50% reduction in cell death; the increase in amount of cell death when GCV was also added was minimal, indicating that the role of potential non-TNT transfer of viral TK-activated GCV through the membrane filter was minimal.

Cell killing at 48 hours was significantly decreased when CytoB was added to the top chamber containing NV1066 alone (30 versus 11%; *P* = 0.0016) or both NV1066 and GCV (18 versus 71%; *P* = 0.002; [Figure 3](#fig3){ref-type="fig"}). These findings indicate that abrogation of TNTs reduced transfer of activated GCV to noninfected mesothelioma cells. The difference between NV1066 to the top chamber (30% cell death) and addition of NV1066 + GCV (\~75%) was striking and statistically significant (*P* = 0.0007). Taken together, these data support the notion that activated GCV was transferred from the top to the bottom chambers via TNTs.

Discussion
==========

Our study demonstrates for the first time that TNTs provide an effective and previously undemonstrated alternate route for long-range cellular therapeutic drug delivery through amplification of the bystander effect following oncolytic viral treatment and activation through phosphorylation of a viral TK-activated drug (the nucleoside analog GCV). Using confocal and time-lapse imaging, we observed the presence of TNTs in mesothelioma cells infected with HSV. Our observations demonstrated that there was no significant decrease in the formation of TNTs after infection with HSV when compared with controls. We then demonstrated that TNTs were involved in long-range intercellular transport of NV1066 virus and viral-encoded eGFP. As a result of this finding, we postulate that virally infected cells may also transmit proapoptotic messages to noninfected proximal and distal cells. Previously the paradigm of the bystander effect relied on cells being located in immediate proximity and being linked via gap junctions. Thus our study represents a conceptual advance that would explain, at least in part, how cells are able to transmit these messages over a long-range distance within the complex and heterogeneous three-dimensional tumor matrix.

The *TK* gene of HSV-1 is the most prominent suicide gene used in preliminary studies of oncolytic viral therapy.^[@bib3],[@bib4],[@bib7]^ The "bystander effect" results not only in the death of cancer cells transduced by HSV-1 upon activation of the prodrug, but also in the death of surrounding uninfected cells.^[@bib5]^ The form of TK provided by HSV-1 has a much higher specificity for GCV than does cellular TK kinase; thus, this prodrug is selectively activated, via monophosphorylation, in cells which have been infected with the vector.^[@bib5]^ Once the initial phosphorylation step has taken place, cellular thymidine kinases are then capable of adding the second and third phosphate groups necessary for complete activation of GCV. This triphosphorylated nucleoside can then be incorporated into DNA during nucleic acid synthesis to induce chain termination, resulting in apoptosis. Additionally, once GCV has been phosphorylated initially, it may be transferred to neighboring uninfected cells by engulfment of apoptotic vesicles or via gap junctions. This monophosphorylated GCV can then be phosphorylated normally by cellular TK, where it causes recipient cells to undergo apoptosis.^[@bib5],[@bib7]^ Several studies have shown that, because of this bystander effect, as few as 10% of all tumor cells can be transduced with a viral vector and still result in complete cell death or tumor regression.^[@bib3],[@bib5],[@bib6]^ Our group has previously demonstrated that the NV1066 viral vector can induce apoptosis in neighboring, uninfected cancer cells^[@bib54]^; in light of the results reported here, it is very plausible that the mechanism for this effect was through direct cell-to-cell communication via TNT connections, and that inhibiting apoptosis may further improve the efficacy of the TNT-mediated bystander effect.

In at least three studies, investigators used the transwell assay with similar specifications (same commercially available experimental set-up, filter with 0.4 µm pores) and approach to assess dependence of cargo transfer on cell-to-cell contact.^[@bib55; @bib56; @bib57]^ Positive controls labeled in these and similar studies as "coculture" are similar to our positive control which was labeled as "NV1066," *i.e.*, effects of direct addition of virus to the bottom well of the plate, without barrier filtration. Thus we modeled our experimental design after these and other similar effective studies. However, we also took further steps to control for the diffusion of exosomes or other soluble factors that could also potentially alter the results. As the primary goal of this study was to provide proof-of-principle that TNTs are capable of mediating the bystander effect, we focused efforts on demonstrating TNT-mediated communication while focusing on the goal of eliminating, or at least drastically reducing, secretion or uptake of exosomes as mediators of intercellular transfer. The use of a membrane filter in transwell assays has been shown to reduce exosomal transfer by as much as 85% (ref. ^[@bib48]^; also unpublished data from our laboratory, manuscript submitted). We used several additional measures including use of serum-free medium (to reduce serum-based exosomes), and incubation of cells at 4°C for 4 hours (to reduce exosomal secretion). We have separately used confocal imaging to provide visual demonstration of TNTs transiting through the membrane filter pores (manuscript submitted), providing further support for using this approach.

The current paradigm of the bystander effect includes the idea that it depends on cell-to-cell contact.^[@bib9]^ This contact can be mediated by intercellular gap junctions, which allow for the transfer of small cytotoxic molecules, such as activated GCV, to be exchanged between cells, from those which are TK-positive to those which are TK-negative.^[@bib8],[@bib9]^ The possibility of transfer via the extracellular environment has been previously studied, but was dismissed in light of strong evidence supporting the critical role of gap junctions.^[@bib8]^ Thus, until now it has been widely assumed that gap junctions alone are responsible for propagation of the bystander effect. However, the transfer of viral gene products via TNTs is not mutually exclusive of the transfer of such products via gap junctions. The impact of other modes of intercellular communication---for example, microvesicles or exosomes---may also impact the initiation and continuation of the bystander effect as mediated by both gap junctions and TNTs. Recently published data from our group indicates that exosomes may in fact work synergistically with mesothelioma cells to stimulate intercellular TNT formation, and subsequently enter and utilize these TNTs as direct conduits for cell-to-cell transport.^[@bib26]^ It will be imperative to investigate the physiologic impact of TNTs on oncolytic viral infection and on the bystander effect within the tumor-stromal matrix *in vivo*.

Materials and Methods
=====================

Cell lines and culture medium
-----------------------------

The human mesothelioma cell lines MSTO-211H (biphasic histology), JMN, and VAMT (sarcomatoid) (American Type Culture Collection (ATCC), Rockville, MD) were used in this study. These cell lines were selected as they were representative of the various histologic subtypes of mesothelioma, and because we had previously demonstrated reproducible TNT formation in each line. All cell lines were passaged in plasmocin-containing medium (Invivogen, San Diego, CA) and tested negative for mycoplasma contamination. Cell lines were authenticated by the Core Fragment Analysis Facility at Johns Hopkins University using short tandem repeat profiling. All cells were cultured using Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% fetal calf serum (FCS) (Life Technologies; Carlsbad, CA). Cells were tested and confirmed to be negative for mycoplasma infection. Cells were maintained in a 5% CO~2~ humidified incubator at 37°C. To stimulate formation of TNTs, cells were cultured in low-serum, hyperglycemic, acidified medium, as previously described,^[@bib24]^ using RPMI-1640 supplemented with 2.5% FCS, 50 mmol/l glucose, 1% penicillin-streptomycin, 2% L-glutamine. Drug treatment with GCV (AK Scientific, Union City, CA, Catalog no. 71317) was performed by solubilizing the drug in culture medium.

Viral vectors
-------------

The oncolytic vector NV1066 is a replication-competent, attenuated HSV-1 expressing eGFP; construction of this virus has been described previously.^[@bib39]^ Briefly, this virus is derived from the wild-type HSV-1 F-strain backbone, with single copy deletions of *ICP-4*, *ICP-0*, and *γ1--34.5* that increase tumor selectivity and decrease virulence.^[@bib39],[@bib58]^ NV1066 contains an eGFP transgene under the control of a constitutively active cytomegalovirus promoter. Infected cells thus express eGFP, which can be detected *in vitro* using fluorescence microscopy. Viral stocks were propagated on Vero cells and tittered by standard plaque assay.

Identification of TNTs using inverted or confocal microscopy
------------------------------------------------------------

TNTs were identified as previously described in detail.^[@bib22],[@bib24],[@bib25],[@bib27],[@bib38],[@bib59]^ Briefly, these parameters included (i) lack of adherence to the substratum of tissue culture plates, including visualization of TNTs passing over adherent cells; (ii) TNTs connecting two cells or extending from one cell were counted if the width of the extension was estimated to be \<1,000 nm; and (iii) a narrow base at the site of extrusion from the plasma membrane. Cellular extensions not clearly consistent with the above parameters were excluded. An Olympus IX70 inverted microscope (Olympus Corporation, Waltham, MA) with 20× objective lens was used to identify TNTs. Representative image of TNTs in stated conditions are as shown and as described in the text and in accompanying figures.

Quantification of TNTs/cell in NV1066 virus-infected mesothelioma cells
-----------------------------------------------------------------------

MSTO-211H (MSTO) cells were cultured in conditions favorable to TNT formation (RPMI-1640 medium with 2.5% FCS, 50 mmol/l glucose) as described previously.^[@bib24]^ 5 × 10^3^ MSTO cells were seeded in 24-well tissue culture plates (Fisher Scientific, Pittsburgh, PA). After 72 hours, cells were infected with NV1066 at a multiplicity of infection (MOI) of 0.1; at 24 and 48 hours postinfection, five random fields of view containing a minimum of 50 cells/HPF were selected using a 20× objective lens on a Nikon Eclipse Ti inverted microscope (Nikon Instruments, Melville, NY). TNTs and cells were quantified; these results were averaged and reported as number of TNTs/cell. A *t*-test was used to determine statistical significance (considered at *P*\<0.05).

GCV treatment
-------------

As the prodrug GCV is activated by HSV-1 viral TK, the drug was added to the culture of transfected cells in transwell assays to induce the bystander effect. Cells were first infected with the oncolytic vector NV1066, a mutant strain of HSV-1 that retains the endogenous form of viral TK. Cultures were then treated with GCV (AK Scientific, Catalog no. 71317) by adding low serum, hyperglycemic RPMI supplemented with 1 μg/ml GCV (final concentration) to cell culture at 0 hours of the experiment; Boyden chamber assays were performed up to 48 hours.

Preparation of cells and addition of virus for Boyden chamber assays
--------------------------------------------------------------------

Cells were grown using RPMI-1640 medium supplemented with 10% FCS, 25 mmol/l glucose, 1% penicillin-streptomycin, 2% L-glutamine at 37°C with 5% CO~2~ for 2 days. On day 3, in order to remove cell-derived exosomes/microvesicles and also to avoid contamination from FCS-derived exosomes/microvesicles, culture medium was removed and cells were washed with serum-free mTESR medium three times and cultivated using fresh mTESR medium for 24 hours prior to use. On day 4, cells were first prepared by incubation of flasks at 4°C for 3 hours; this step was performed per prior protocols to decrease cell-derived exosome secretion.^[@bib27],[@bib48]^ Cells were then washed with cold phosphate buffered saline (PBS), harvested by trypsinization and plated in transwell top-chamber inserts (1.5 × 10^5^ cells/well) and incubated for one night prior to viral infection. The next morning, NV-1066 virus was added at 0.1 MOI in 500 μl culture medium and incubated at 37°C for 2 hours to permit adsorption of virus into cells. After 4 hours, cells were washed three times with passage medium and then placed in 37°C for incubation for 48 hours with or without addition of 10 µmol/l GCV.

CytoB treatment
---------------

Inhibition of TNTs was performed by addition of CytoB at a concentration of 400 nmol/l, consistent with previously reported protocols.^[@bib49]^ CytoB was added at the same time point as virus administration to the samples.

Assessment of apoptosis/cell kills using TUNEL Assay
----------------------------------------------------

Cells were assayed for apoptosis at 24 and 48 hours after NV1066 virus infection by staining with EthD-1 (Life Technologies, Rockville, MD). Cells were washed twice with Dulbecco's Phosphate-Buffered Saline with calcium and magnesium and incubated with 4 mmol/l EthD-1 for 10 minutes. Stained cells were viewed and imaged using the red channel in fluorescent microscopy (IX70, Olympus). Positive assessment of apoptotic cells was made by detection per standard protocols, as damaged nuclear membranes react positively to EthD-1 staining. Using a 10× objective lens, we counted cells in three randomly selected areas and scored EthD-1-positive cells for apoptosis. Apoptosis was also quantitated using standard TUNEL assay at 24 and 48 hours after virus infection using the Click-iT Assay kit (\#C10618) per the manufacturer's protocol (Life Technologies). Cells were imaged using an Axio-Observer Z1 inverted microscope (Carl Zeiss Microscopy GmBH, Oberkochen, Germany) at 100× and 200× magnifications. Using 10× objective, we counted cells in three randomly selected areas and scored cells reacting positively for TUNEL assay as positive for apoptosis. These three scores were averaged and average numbers were plotted. These values were comparable to the score of the EthD-1 staining. For analysis of apoptosis using TUNEL, results were validated using the student's *t*-test. Average values were calculated from three independent experiments and plotted as shown; values derived from standard deviation (SD) analysis were plotted as error bars.

Immunohistochemistry of Caspase-3
---------------------------------

To further confirm apoptosis, positivity for caspase-3 expression was tested using affinity-purified mouse monoclonal antibody (Catalog no. 437800, Life Technologies, Rockville, MD) and goat antimouse antibody tagged with Alexa Fluor-405 (Catalog no. A31553, Life Technologies).

Cells were rinsed in PBS and fixed using 3.7% paraformaldehyde solution at 37°C for 30 minutes. Paraformaldehyde was subsequently removed and cells were washed three times with PBS, then permeabilized by incubating in 0.1% Triton X-100 in PBS for 5 minutes at room temperature and washed again three times with PBS. Cells were blocked with blocking buffer, (0.1% Tween-20 in 3% bovine serum albumin (BSA) in PBS for 2 hours). Then cells were incubated with 2 µg/ml of primary antibody affinity-purified mouse monoclonal antibody (\#437800, Life Technologies) in PBS containing 1% BSA and 0.1% Tween 20 for 2 hours at 4ºC. The cells were washed three times with PBS containing 0.1% Tween-20 for 10 minutes at room temperature and incubated with 2.0 µg/ml of goat antimouse antibody tagged with Alexa Fluor-405 (\#A31553, Life Technologies).

Time-lapse microscopy
---------------------

Time-lapse imaging was performed by culturing cells in low serum, hyperglycemic medium as described above in clear-bottomed delta-T culture dishes (Bioptechs, Butler, PA). Live-cell imaging was performed at 24 and 48 hours to assess formation of TNTs. Cells with TNTs were imaged using Differential Interference Contrast (DIC) and a confocal spinning disk microscope (Perkin Elmer UltraView ERS Rapid Confocal Imager, Waltham, MA, Axiovert 200M inverted stand) or Zeiss LSM 5 Live confocal microscope at the Memorial Sloan-Kettering Cancer Center (MSKCC) Molecular Cytology Core Facility.

For experiments assessing transmission of viral vector gene products between cells via TNTs, cells were infected with NV1066 after 48 hours. Approximately 12--36 hours after transfection, cells were visualized by DIC (Perkin Elmer UltraView ERS Rapid Confocal Imager microscope or Zeiss LSM 5 Live confocal microscope). Culture dishes were placed in a humidified chamber with 5% CO~2~ at 37°C for the duration of microscopic evaluation. Time-lapse imaging was performed using a 40× objective lens by taking images every 3--4 minutes for up to 3 hours.

Study approval
--------------

This study was carried out at Memorial Sloan-Kettering Cancer Center and at the University of Minnesota in accordance with protocols approved by the Institutional Biosafety Committees (IBC) at both institutions.
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![TNTs mediate transfer of eGFP from a NV1066-infected mesothelioma cell to a noninfected mesothelioma cell. (**a**) NV1066-infected VAMT, JMN, and MSTO mesothelioma cells form TNTs following viral infection. Scale bars = 20 μm. (**b**) Time-lapse microscopy of a JMN mesothelioma cell infected with eGFP-expressing NV1066 forming a TNT that mediates eGFP transfer to a noninfected cell. This transfer took place over \~10--12 hours. (**c**) Quantification of eGFP expression in the infected (donor) and recipient cells from panel **b** as over time, reported using corrected total cell fluorescence per area (CTCF/Area). eGFP, enhanced green fluorescence protein; TNT, tunneling nanotube.](mto201629-f1){#fig1}

![Use of a modified transwell assay to assess a TNT-mediated bystander effect following oncolytic viral infection. (**a**) Schematic drawing of the modified transwell assay/Boyden chamber used to assess TNT-mediated transfer. (**b**) Representative fluorescence micrographs of TUNEL staining of apoptotic MSTO-211H mesothelioma cells in the bottom well of the transwell assay. Green fluorescence shows virus-encoded eGFP expression. Red fluorescence shows TUNEL-positive nuclei. Blue fluorescence indicates expression of Caspase-3. eGFP, enhanced green fluorescence protein; TNT, tunneling nanotube; TUNEL, terminal deoxynucleotidyl transferase nick-end labeling.](mto201629-f2){#fig2}

![TNTs enhance the bystander effect via transfer of virus and ganciclovir to uninfected mesothelioma cells. Quantitative analysis of the number of TUNEL-positive cells in the bottom well of the transwell assay at 48 hours. Data were analyzed using the student's *t*-test, and are graphed as the mean ± SD. *n* = 3 for each group. Scale bars = 200 µm. SD, standard deviation; TNT, tunneling nanotube; TUNEL, terminal deoxynucleotidyl transferase nick-end labeling.](mto201629-f3){#fig3}
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